Introductioñ , ,
Calibrated computer tomographic (CT) data are the basic input for radiotherapy treatment planning systems which take into account the effect of tissue inhomogeneities. The accuracy of dose calibrations based on such CT data is partly determined by the precision of the calibration of CT Hounsfield units to relative electron density (Constantinou and Harrington 1992) or to relative proton stopping power for proton radiotherapy. The error of the final electron density distribution originates from a number of sources. Firstly the measurement of the Hounsfield value of homogeneous material can vary between 1 and 2% (Constantinou and Harrington 1992) and is also dependent on the location of the material in the image, a ṽ ariation that can reach up to 3% (Moyers et at 1993) . In addition, the measurement of high CT numbers can vary from scanner to scanner and can--'strongly influence the calibration. Constantinou and Harrington (1992) found a 10% deviation in electron density dependent on the type of scanner. It is also known that scanner specific parameters such as the photon 0 energy, the scan diameter and the matrix size may affect the measurement of the CT number. However, McCullough and Holmes (1985) found no significant change in the Hounsfield numbers while changing these. A final source of error is the approximation of real tissue with tissue substitutes used for the measurement of the relationship of Hounsfield units to electron densities. The chemical composition of commonly used tissue substitutes is different to that of real tissue. To create usable samples the oxygen, carbon, hydrogen and "'~::,,:,c~ "",,..A calcium content are changed resulting in significantly different values for electron density, co,;:
, , proton stopping power and Hounsfie]d values, Tissue substitutes are usually produced for their use in radiation dosimetry and radiobiology and not for calibrating CT images, A possible solution of this problem is a stoichiometric calibration which is presented in this paper, In such a stoichiometric method both the measured Hounsfield units of tissue substitutes and the chemical composition of real tissues are used to predict Hounsfield values for human tissues, Additional\y, we report on the verification of the stoichiometric calibration using range calibrated proton radiographic measurements of a biological sample (a sheep's head), The CT numbers of the sheep's head were measured and converted to relative proton stopping power by using both a tissue substitute calibration and the stoichiometric calibration, The comparison of measurements and calculations of the integrated proton stopping power showed that the stoichiometric calibration is more precise than tissue substitute calibrations for proton radiotherapy, It is also shown that the relative proton stopping power for biological tissues and tissue substitutes is equivalent to the relative electron density within a few per cent. Hence stoichiometric calibrations could be an improvement for x-ray radiotherapy and should be applied to x-ray radiotherapy treatment planning also, 2. Calibration of CT numbers 2, J, ]issue substitute calibration 2,J,J, X-ray radiotherapy, In this section, the calibration from CT Hounsfield units to relative electron densities, using tissue equivalent samples, will be described, To obtain this relationship we have calculated the relative electron densities of various tissue substitutes (ICRU 1989 , Constantinou 1974 ) taking into account their chemical composition (tables] and 3) using Pe=pNgfpwOlerN:o1er (]) where p is the density and N g is the number of electrons per unit volume of the mixture given by Janni (1982) and the mean ionization energy for a mixture was calculated using the Bragg additivity rule as follows:
In 1m = (L¥ln/i)(L¥)-I.
Additionally the relative proton stopping powers of the tissue substitutes listed in table 1 have been measured using a 219 Me V proton beam. Measured and calculated Ps values coincide within 1.6% and are listed in table 2. The conversion curve for proton treatment planning is usually obtained following the procedure described in the previous section. The error of the Ps calculation is governed by the uncertainty of the ionization potential. Hence, in table 2 we show for the six materials that K is rather insensitive to the value of the ionization potential I. A variation of the ionization potential by 10% changes the relative proton stopping power by less than 1.5%, which implies that the computation of K in formula (3) is precise. The fact that K is close to one suggests that proton stopping power and electron density relative to water track one another very closely.
Stoichiometric calibration
To improve the precision of the transformation of CT numbers, the tissue substitute calibration described in subsections 2.1.1 and 2. 1.2 of the CT data was changed. From the known chemical composition of the tissue substitutes and the measurements of their Hounsfield values the response of the CT unit was parametrized by fitting the dependence of the photon attenuation as a function of the atomic number of the elemental composition ~-;"""i;;.clf of these materials. In this section we describe this process in detail. where IL is the linear attenuation coefficient of the material and ILw the coefficient for water. There are two effects which lead to the attenuation of a photon beam for energies up to 1 Me V, photoelectric absorption and scattering. The cross-section of scattering processes can be divided into that due to incoherent scattering and coherent scattering. The total attenuation coefficient can be written in the form (Jackson and Hawkes 1981) J1. = pNg(Z, A){uPh + ucoh + uincoh} (6) where pNg is the electron density and uPh, ucoh and uincoh the cross-sections for photoelectric effect, coherent scattering and incoherent scattering respectively. An accurate parametrization of these cross-sections is given by Rutherford et al (1976) J1. = pNg(Z, A){KPh Z3.62 + Kcoh ZI.86 + KKN} (7) where K ph and Kcoh are constants which characterize the different cross-sections and K K N is the Klein-Nishina cross section. and Ai = N~/ Ng.
By making measurements of H for different tissue substitutes of known chemical composition (table 1) with a fixed energy of 120 kVp, we can determine from a linear regression fit of the experimental data to formulae (5) and (8) the constants Kph, Kcoh and KKN (figure 1). These have been determined to be 1.227 x 10-5,4.285 X 10-4 and 0.5 respectively. In figure 1 we show the measured Hounsfield values as a function of the calculated numbers. We have investigated a large variety of both tissue substitutes (table 3) and human tissues (table 4) as listed in ICRU Report 44 and ICRP Report 23, respectively, and have calculated with our parametrization of the CT unit (formulae (5) and (8» values of H for these materials. In addition we have calculated the relative electron densities of these materials using equation (1) and the relative proton stopping powers at 219 MeV using equation (3). These too, are listed in tables 3 and 4. The data points are plotted in figures 2 and 3.
The stoichiometric calibration can now be obtained by plotting for the human tissues listed in table 4 the relative proton stopping power or the relative electron density against the Hounsfield values. An appropriate curve may be fitted to these points. We decided to combine three linear fits to obtain the calibration as shown in figure 2 as the solid line. The first linear curve fits the lung data (0 < H < 850), the second various organs (1023 < H < 1060) and the last bone tissue (H > 1060). As the data point of adipose tissue does not lie on a curve connecting linearly the lung fit and the organ fit we decided to connect the lung fit with the fat data point (850 < H < 930) and the fat data point with the organ fit (930 < H < 1023) to account for adipose tissue too. 
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U Schneider et al "'"'""'" 3. Measurements of integrated relative proton stopping power through a sheep's head . We have measured relative proton stopping power in a biological sample. This is of direct interest in checking the calibration of Hounsfield units to relative proton stopping power and, because K is close to one (subsection 2.1.3), it is also of interest for the calibration to relative electron densities for x-ray radiotherapy treatment planning. The integrated relative stopping power Ps of 219 MeV protons penetrating through a sheep's head was measured by a method described in detail elsewhere (Schneider and Pedroni 1994) . In brief, the sheep's head was cut from the body and fastened in moulage material with water equivalent properties. The transmitted range of protons penetrating through a sheep's head were obtained everywhere within the cross-sectional area of the beam. When these ranges are divided by the geometrical thickness of the sample, the average relative proton stopping power of the material along the proton trajectory can be determined. The result of such a proton radiographic measurement is a two-dimensional matrix of the integrated relative stopping powers of the sheep's head. The sheep's head was scanned in addition in the same CT scanner which was used for the tissue substitute measurements described in subsection 2.1.2. The resulting CT data were converted into relative proton stopping power using the different techniques described previously. The CT numbers of the moulage material were converted to relative proton stopping power by measuring in an additional experiment its Ps value. The proton radiography was then simulated by integrating through the three-dimensional CT volume in the direction of the proton beam to obtain a two-dimensional projection of proton stopping powers. The simulated proton radiography was then compared with the measured radiography. An inaccurate calibration of the CT data is expected to show up as a deviation ..
2.5
Tn 2 0 .-. calibration based directly on tissue substitutes is very sensitive to the particular substitutes chosen for the measurement. The use of different tissue substitutes can lead to different calibration curves. Therefore tissue substitutes for such measurements have to be chosen very carefully. However, the data points representing real tissues (stars) fall on a smooth curve. The relationship between Ps and H seems to be well defined by using real tissue data (a stoichiometric calibration). Furthennore, figure 3 shows the relative electron densities of tissue substitutes (squares) listed in table 3 and real tissues (stars) as listed in table 4 plotted against the Hounsfield units. These data are, as expected, very similar to the relative proton stopping power data as discussed in subsection 2.1.3. f'. . .
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I"""" In the last section it was shown that the stoichiometric calibration based on the chemical composition of tissues is better defined than the usual tissue substitute calibration. In this section we show that the stoichiometric calibration is more precise in predicting relative proton stopping powers and relative electron densities. To this purpose we show the stoichiometric calibration (A) as the solid line in figure 2. For a comparison two tissue substitute calibrations were selected using either Mylar/Melinex/PTFE (B) or BIIO/SB5 (C) as a bone substitute. The CT data of the sheep's head were converted to relative proton stopping power according to the three different calibrations. The three resulting integrated proton stopping power matrices were compared to the measured one by computing the histogram of the difference between measurement and calculation for each matrix element. Figure 4 shows these curves for the three calibrations A, Band C represented by the solid, dotted and dashed line, respectively, The standard deviation, the mean deviation, the maximum absolute deviation and the number of matrix elements corresponding to deviations larger than 2% and 3% are listed together in table 5. Several points emerge from the results summarized in the last section. The first point is that tissues can be well characterized by a fit to the ICRP tissue data as we give above (calibration A). The experimental data are in good agreement with this fit. Secondly, tissue substitute calibrations should be used with caution. They do not necessarily lie on a unique curve, nor do they lie on average on the same curve as the ICRP tissues as can be seen in figures 2 and 3.
We think the problem of calibrating CT data directly with tissue substitutes has its origin in the chemical composition of the substitutes. It is not possible to produce tissue substitutes with exactly the same composition and density as real tissues. Small changes in e.g. the hydrogen content can produce significant differences in the proton stopping power. Additionally the tissue substitutes are usually produced for applications in radiation r\ dosimetry and radiobiology (ICRU 1989) and do not necessarily fulfill the requirements for radiotherapy. )
As we have shown, relative electron density and relative proton stopping power are closely related for tissues, so our experimental results with protons support the use of the stoichiometric calibration also for x-ray radiotherapy. Our recipe for anyone who wants to develop a stoichiometric calibration curve is as follows.
(i) Choose some tissue substitutes with known chemical composition and physical density. It should be noted that these tissue substitutes do not necessarily have to be very tissue-like. It is possible to choose e.g. Lucite, Teflon, Delrin etc.
(ii) Scan the tissue substitutes in the CT scanner which is used for radiotherapy treatment planning and obtain the corresponding Hounsfield values.
(iii) Parametrize by using the information of chemical composition and measured . , Hounsfield values the CT unit. Fit this information to equations (5) and (8) (5) and (8) and compute the corresponding Hounsfield value.
(v) Calculate with the knowledge of the chemical composition of the selected ICRU tissues with formula (1) the relative electron density (x-ray radiotherapy) or with formula (3) the relative proton stopping power (proton therapy).
(vi) Make the appropriate fit through the data points to generate the final calibration curve.
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